Searching the charged Higgs boson of the type III two Higgs doublet model 
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In the framework of the Two Higgs Doublet Model (2HDM) type III appears two charged Higgs 
boson and recently there are experimental reports from DO and CDF collaborations searching a 
particular signature of new physics. We present a review of the analysis done in the region M H + > 
nit by DO collaboration and we use the ratio Ra for the region M H + < m t in different scenarios of 
space parameter of this model. 

The Two Higgs Doublet Model (2HDM) is a simple extension of the standard model (SM), where an additional 
Higgs doublet is introduced [l| . The two complex scalar fields correspond to eight degrees of freedom, three of them 
are absorbed as Goldstone bosons in order to give mass and as longitudinal components to the and Z bosons. The 
remaining degrees of freedom are interpreted as five physical states: two neutral scalars h° and H°, a pseudo-scalar 
A , and a pair of charged Higgs bosons H ± . Another consequence of this extension is a more generic pattern of Flavor 
Changing Neutral Currents (FCNC), including such processes at tree level. Because of low energy experiments these 
FCNC could be a problem, usually solved by imposing a discrete symmetry that allows to couple at most one Higgs 
doublet to each fermion. In the 2HDM called type I, one Higgs doublet gives masses to the up and down quarks, 
simultaneously. And, in the model type II, one Higgs doublet gives masses to the up type quarks and the other one to 
the down type quarks, and it is precisely the structure of the minimal supersymmetric extension of the SM (MSSM). 
However, the addition of these discrete symmetries is not mandatory and in that case both doublets contribute to 
generate the masses for up- type and down- type quarks, such model is know as the 2HDM type III Q. 

While it may be hard to distinguish any one of these neutral Higgs bosons of the 2HDM-III from that one of the 
SM, the charged 7? pair carry a distinctive hall-mark of this kind of new physics. Hence the charged Higgs boson 
plays a very important role in the search of new physics beyond the SM. 

Usually the limits on the charged Higgs mass are in the context of the type II 2HDM. Direct searches have carried 
out by LEP experiments, searching for pair produced charged Higgs bosons via s-channel exchange of a Z-boson or 
a photon. LEP collaborations yield a combined lower limit on Mn± of 78.6 GeV Q assuming H + — > r + v T {cs) in a 
wide range of the ratio of the vacuum expectation values of the two Higgs doublets, tan/3 = vijv\. Searches in the 
hadron colliders consider two cases M H ± > m t and M H ± < m t . At the Tevatron, the direct searches for charged 
Higgs boson are based on pp — ► ti with at least one top quark using t — ► H + b, for the first case M H ± > m t . The 
CDF collaboration has reported a direct search for charged Higgs boson decaying into t + v t , cs tb or W + A°, which 
uses measurements of the top pair production cross section in the leptons+ /Et + jets + leptons channels, from data 
samples corresponding to an integrated luminosity of 193 pb _1 [4]. On the other hand, recently the DO collaboration 
has presented a direct search for a charged Higgs boson produced by qq annihilation and decaying to tb final state, in 
the 180 < M H + < 300 GeV mass range, it is m H + > m t , using 0.93 fb _1 of data collected at center-of-mass energy 
y/s = 1.96 TeV @. The analysis lead to upper limits on the production cross section in the 2HDM types I, II and 
III [H, ||. We are going to discuss different scenarios for the 2HDM type III using these experimental results. Also, 
searches in the M H ± < m t region have been performed, using the production cross section of top quark pairs at the 
Tevatron 0, 0] , and we intend to exploit this fact to discuss the possible limits on the charged Higgs boson mass 
obtained from measurements of the ratio R a = a l +3 ets ^ a ^ le P tons j n ^} 1C framework of the 2HDM type III. 

Other experimental bounds on the charged Higgs boson mass come from virtual charged Higgs boson production 
in b — > S7 transitions [8j . Finally, the search for the charged Higgs boson will continue above the top quark mass at 
the experiments of LHC, ATLAS and CMS. The main production mechanisms would be the processes gg — > tbH + 
and gb — > tH + which have been studied using simulations of the LHC detectors @ . 

In the 2HDM both doublets can acquire vacuum expectation value (VEV) different from zero. As mentioned before, 
we will focus our study to the 2HDM t ype -Ill, which owns the most general Yukawa Lagrangian (without additional 
symmetries imposed), given 

by Ed, IUl!3 

- 4'"> = r^Q^U^ + V?i°Q° iL *iD% + + & Q?L*2D jR + hx, (1) 

where $i are the complex scalar fields, rjfj and are complex (even if later on we simplify the problem to real A, 
the original coupling matrices can be also complex as in the Yukawa sector of the SM) and non-diagonal coupling 
matrices and the suffix "0" denotes flavor eigenstates. 

The scalar spectrum has mass eigenstates which contain two CP-even neutral Higgs bosons (h°, H°) coming from 
the mixing of 9?(<^) with mixing angle a; two charged Higgs bosons (H^) which corresponds to a mixture of the 
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would-be Goldstone bosons through the mixing angle tan/3 = Vijv\\ and one CP-odd Higgs {A°) which mix the 
neutral would-be Goldstone boson G° z . In the framework of the type III 2HDM there is a global symmetry which can 
make a rotation of the Higgs doublets and fix one VEV equal to zero [13]. In such a way, v\ = v and V2 = 0, and the 
mixing parameter tan /3 = v^/vx can be eliminated from the Lagrangian. It is worth to mention that the experimental 
sensitivities are usually displayed in terms of the parameters tua and tan /3 or M H ± and tan /3, that characterize the 
MSSM Higgs sector or the 2HDM type II. If the parameter tan/3 is eliminated from the Lagrangian, we have the 
usual 2HDM type III [13], where the Lagrangian of the charged sector is given by 

- ^Hud = H+U[K£ D Pb. - Z U KP L ]D + h.c. (2) 

where K is the Cabbibo-Kobayashi-Maskawa (CKM) matrix and £ U,D the flavor changing matrices. In the present 
work we take into account the Cheng-Sher-Yuan (CSY) parameterization which is built as the geometrical mean of 

the Yukawa couplings of the quark fields, Cij = v ""^"' ] \j [U • 

The search of DO collaboration [f| use the process qq' — > H + — > tb followed by t — > b(W + — > Iv), which correspond 
to a single top production, with a final signature 2-6-tagged +lepton+ missing energy. We notice there are two vertices 
type H + qq' where appear the parameters £ 9g ' and then different considerations can be done, taking into account that 
appears terms like ^2AKqj£jq')- In the annihilation vertex qq'H + , it is possible in the framework of the 2HDM type 
III: cbH + and csH + ; about this point H. He and C. P. Yuan [l3j showed that it is possible to enhanced the production 
cross section if the vertex cbH + is important, and it is possible if the parameter X tc is bigger than one. We have 
evaluated the option of the vertex csH + in the framework of the 2HDM-III and it is smaller two or three orders of 
magnitude than the vertex cbH + . Now in the second vertex, the H + decay vertex, we have several couplings regarding 
the 2HDM-III allowed processes: H + — > ts, H + — > cb and H + — > tb. The first option, into ts, does not have a quark 
b in the final state, and the experiment is looking for at least two 6-tagged , one coming from the H + decay and the 
second one coming from the top quark decay. The second option is into cb but it is doubly suppressed for the factor 
£t c and for the Cabbibo-Kobayashi-Maskawa K c b factor. Finally, we will have the same main channel production in 
the 2HDM type III that in the types I and II, cc -> H+ -> tb followed by t -> (W + -> lv)b. 

Using the parameterization CYS [ll| and the numerical values of the CKM matrix Kij , the flavor changing couplings, 
Kqjlijqi , of the charged Higgs boson to the fermions are shown in Tab. |U These factors have been simplified taken 
into account the numerical values of quark masses and assuming that the parameters Ay involving the first and second 
generations are smaller than parameters involving the third generation. Finally, bounds and restrictions on the Ay 
for the quark sector and £ y - for the leptonic sector can be found in literature [13, [3 • 

The analysis presented by DO collaboration Q for the type III 2HDM has followed the analysis done in reference 
[l3| assuming that the parton level is important to enhance the cross section if X tc is bigger than one, the experimental 
analysis have used Xt c = 5 [6|. Further, they assumed the parameter X u in the charged Higgs decay vertex, to be 
equal to Xtc- About this last point, we should mention that Atwood, et. al. in reference fl3 ] have already shown that 
the assumption A y — X is not in agreement with the low energy phenomenology and on the other hand, it has been 
shown [la ] that perturbation theory validity requires that Xt c < 2.8. From this point we aim to explore scenarios 
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FIG. 1: The cross section times branching fraction versus the charged Higgs boson for different scenarios in the type III 2HDM 
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TABLE I: The couplings of the vertices H + qq are proportional to ^-(-^Vi^y ) but they can be simplified taking into account 
the CSY parameterization and the numerical values of the Kckm matrix as it is shown. 

allowed in the 2HDM-III space parameters, with the additional simplification that in this model tan f3 is a spurious 
parameter. The experimental DO collaboration report the observed limits on the production cross section (pb) times 
the branching fraction, a(qq' — ► H + ) x B(H + — > tb), these limits are shown in Fig. [TJ We have used the program 
CompHEP [16| to simulate charged Higgs boson production and decays, qq' — > iJ + — > t6 — * W + bb — ► l + vbb where 
Z represents an electron or muon. The expected limits using the same values of the Ajj in the charged Higgs boson 
mass range 180 to 300 GeV are plotted in Fig. Q] In addition, here can be seen the predictions taken X tc = 2.8, 1, 
Xtt = 2.8, 1 and Abb = 0, 10. We can conclude that restrictions on the parameter space of the type III 2HDM are 
not too stronger. We should notice that in the case Ay = 5 only charged Higgs masses above around 264 GeV are 
allowed and for values Xu — 2.8 the charged Higgs boson mass should be bigger than 230 GeV. For completeness the 
branching fraction ratios in the different scenarios considered are shown in Fig. [2l where we have use the parameters 
£ rr = 2.2 x 10~ 2 , £_ Tfl = 2.1 x 10 _1 , and £ w = 0.12 according to the allowed regions cited in the literature (Tol 

The discussion presented until now is for charged Higgs boson mass bigger than the top quark mass, but we can 
also ask for the contrary case M H + < m t . In this case the decay t — * H + b compete with the standard decay channel 
t — > W + b and the experimental analysis has been done using the cross section of the top quark pair production [1,0]. 
In order to estimate upper limits on the branching fraction B(t — > H + b) is useful to use the ratio R a = <j(pp — > 
ti)i+j e t s /a(pp — > tt)diiepton- The ratio R a should be consistent with unity if the dilepton and lepton+jets analyses are 
in the framework of the standard model ti production. The ratio R a will have smaller systematic uncertainties than 
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FIG. 2: Branching ratios in the 2HDM-III for the parameters defined in each figure. 
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individual cross section measurements and also some common factors will cancel. And of course, R a is independent 
of any theory prediction for <r(pp —►££), so it is a better place to look for new physics by looking for a deviation in 
the ratio, rather than by comparing a measured cross section to a theory prediction. R a is sensitive to decays such 
as t — > H + b, it is possible to give an interpretation in terms of the branching fraction and a measurement of R a can 
be translate into an upper limit on B(t — > H + b). For instance if we consider that B(H + — ► cs) = 100% then we can 
get B(t — > # + &) = 0.13 ± 0.12 in the type II 2HDM. In general this ratio can be written according to [rl 
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Experimentally this ratio has been measured by DO collaboration R a = 

1/R a = 1.45*q 55 0- We have plotted the ratio R a in figure[3]in the framework of the 2HDM type III for the scenarios 
that we used so far. 
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FIG. 3: The ratio R a with the experimental limits from DO collaboration and different values of the space parmeter in the 
framework of the type III 2HDM 

As a conclusion we have reviewed the analysis presented by DO collaboration [5| in the first search for a charged Higgs 
boson directly produced by quark-antiquark annihilation and decaying into the tb final state, in the 180 < Mh+ < 300 
GeV, analyzing 0.9 fb _1 of data from pp collisions at y/s = 1.96 TeV, in the framework of the 2HDM type III. We 
have explored different scenarios of the space parameter in the region M H + > m t and in the region M H + < m t we 
have used the measurements of the ratio R a @, ■ Results are shown in figures [T] and [3] 
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